Several groups worldwide have proposed various concepts for improving megavoltage (MV) radiotherapy that involve irradiating patients in the presence of a magnetic field-either for image guidance in the case of hybrid radiotherapy-MRI machines or for purposes of introducing tighter control over dose distributions. The presence of a magnetic field alters the trajectory of charged particles between interactions with the medium and thus has the potential to alter energy deposition patterns within a sub-cellular target volume. In this work, we use the MC radiation transport code PENELOPE with appropriate algorithms invoked to incorporate magnetic field deflections to investigate electron energy fluence in the presence of a uniform magnetic field and the energy deposition spectra within a 10 μm water sphere as a function of magnetic field strength. The simulations suggest only very minor changes to the electron fluence even for extremely strong magnetic fields. Further, calculations of the dose-averaged lineal energy indicate that a magnetic field strength of at least 70 T is required before beam quality will change by more than 2%.
Introduction
At this time, there is considerable interest in the medical physics community on the influence of magnetic fields on the distribution of radiation dose within patients. Multiple groups worldwide have proposed designs for merging a megavoltage (MV) radiation therapy linear accelerator (linac) or a 60 Co tele-therapy unit with a magnetic resonance imaging (MRI) system in the pursuit of image guidance in adaptive radiotherapy (Dempsey et al 2005 , Kirkby et al 2008 , Lagendijk et al 2007 . Additionally, other groups have considered the possibility of using a magnetic field in a variety of geometries with the intention of influencing the distribution of absorbed dose to improve volumetric conformance in radiotherapy (Bielajew 1993 , Chen et al 2005 , Whitmire and Bernard 1978 , Whitmire et al 1977 , Jette 2000 , Li et al 2001 .
The consequences of a magnetic field on dosimetry have been studied by all of these groups using analytical, Monte Carlo (MC) and/or experimental techniques. Largely, the focus has been on changes to the spatial distribution of dose resulting from the magnetic field influence on charged particle transport. In the literature, there has been some passing discussion on the effects a magnetic field would have on the relative biological effectiveness (RBE) of the MV radiation, but to date there have been no definitive studies looking into the matter. Whitmire et al (1977) have suggested that because the mean free path of an MV electron along its track is generally much less than the radius of curvature (in vacuum) induced by the presence of a magnetic field, the linear energy transfer (LET) of that electron will be unaffected. However, they go on to suggest that the δ-rays produced along the track may be more localized as a result of the field and thus have the potential to affect the RBE of the radiation. To date, there have been no studies to investigate the matter further from a radiotherapy perspective. With the potential for a device that irradiates a phantom or patient in the presence of a magnetic field to be available for patient treatment in the near future, a thorough investigation into the RBE of MV radiation in a magnetic field is desirable.
One study potentially relevant to this question looked at the induction of mutagenic effects in Drosphilia melanogaster (fruit flies) exposed to 180-580 cGy from thirteen 20.1 mCi 252 Cf neutron and gamma sources in the presence of a 3.7 T magnetic field (Kale and Baum 1980) . The study's results suggested that the presence of the field induced no difference in mutagenic effects.
In this work, we use the MC code PENELOPE , Sempau et al 1997 modified to incorporate the effects of static, uniform magnetic fields on charged-particle transport to study energy deposition spectra within a microscopic target in response to MV irradiation in the presence of magnetic fields. Results are framed in the context of lineal energy (y) spectra. Particular attention is paid to electron tracks under which the most substantial effects are expected to occur. The intention is to establish an understanding of the conditions under which we can reasonably expect the magnetic field to induce possible consequences to the RBE and establish an approximate limit of magnetic field strength below which any such effects can be safely ignored.
Theory
The transport of electrons released in the medium during MV photon irradiation in the presence of a magnetic field is influenced by (i) interactions with the medium and (ii) interactions with the magnetic field. We proceed under the assumption that these processes are separable such that an electron's track segment can be completely described by a combination of discrete interaction events with the medium (condensed history interactions) and subsequent transport steps through vacuum where deflections due to the magnetic field will modify an otherwise linear trajectory. Condensed history MC radiation transport codes (such as PENELOPE or EGSnrc) have demonstrated that such an approach can produce accurate results at least in the absence of a magnetic field. Once a static, uniform magnetic field is introduced into the transport problem, for this assumption to remain valid, it is necessary that the charged particle interaction cross-sections remain independent of magnetic field strength. Bielajew (1993) has demonstrated this to be the case for charged particles of MV energies in high-strength magnetic fields (i.e. shown that additional energy losses due to synchrotron radiation are negligible). In a uniform magnetic field, the electron's trajectory in vacuum will follow a helical trajectory with a gyration radius r g given by
where p ⊥ is the component of the electron's momentum perpendicular to the magnetic field lines (in MeV/c), c is the speed of light and B is the field magnitude (in Tesla) (Jackson 1999) . A proposed 'rule of thumb' by Bielajew (1993) suggests that in circumstances where the gyration radius in vacuum is significantly greater than the electron's range within a given medium, the electron's interactions with the medium will be the dominant interactions, and thus the magnetic field will have minimal influence on the electron's trajectory and dose deposition characteristics. Conversely, when the gyration radius becomes less than the electron range, the magnetic field influence on the electron track will be significant. In figure 1 , we plot r g as a function of electron kinetic energy (assuming all momentum is perpendicular to the magnetic field vector) for a range of magnetic field strengths in vacuum. The field strength range presented is admittedly optimistic insofar as radiotherapy applications are concerned. The magnetic field strengths originally motivating this work were in the conventional and experimental MRI range (∼0.1-10 T). However, stable, physically realizable magnetic fields of ∼40 T can be produced using resistive and resistive-superconducting hybrid magnets (Gan et al 2008 . Pulsed magnetic field strengths have an upper limit of ∼100 T (Sims et al 2000) and even higher (∼150-250 T) using exploding coils (Nakao et al 1985) . To cover the full range of possible field strengths, we consider an upper limit of 1000 T. Superimposed on figure 1 is the continuous slowing down approximation (CSDA) range for electrons in water. To a rough first approximation, we can expect that for combinations of electron energies and magnetic field strengths that fall above the CSDA range line, influence on dose deposition will be minimal. Thus, for magnetic field strengths below 10 T, this argument suggests that magnetic fields will affect electron tracks only on a macroscopic scale ( 100 μm). By the same argument, only electrons with kinetic energies Figure 2 . Simulation geometry used to calculate lineal energy spectra. Simulations were performed without a magnetic field and then with a uniform magnetic field oriented perpendicular and then parallel to the incident electron velocity. The material outside the spherical volume was defined as vacuum, where no Lorentz deflection occurred. The material inside the volume (grey) was defined as water.
greater than ∼100 keV will have a range in water sufficient to experience notable deflection in conventional magnetic fields. On the microdosimetric scale, the range of electrons is so limited that the majority of low energy electrons will reach the end of their tracks before the magnetic field can exert any major influence. Finally, this figure suggests that a magnetic field strength of ∼100 T or greater would be required to significantly alter the electron trajectories seen at the scale of a nucleus.
There is however still a question as to whether small, cumulative deflections to the electron's trajectory (or the trajectories of its delta rays) introduced by a magnetic field can alter the mechanics that induce biological damage, or whether a magnetic field has the potential to significantly change electron energy spectra and thus alter the energy deposition properties of the radiation from the zero field case. We turn to an MC approach to rigorously investigate this matter and effectively establish a limiting magnetic field strength at which we can expect to observe differences in lineal energy distributions and possible changes to the RBE.
Methods
To investigate the effects of a magnetic field on microscopic tracks, we set up the model scenario depicted in figure 2. This geometry allowed us to calculate the lineal energy spectrum seen by a cell nucleus 10 μm in diameter, similar to the approach used by others (Mainardi et al 2004 , Wilson et al 2001 . Essentially, an electron pencil beam was set normally incident on a water sphere in which the spectrum of energy deposition events was tallied. We chose a 10 μm diameter sphere to represent a typical cell nucleus. We note that others have used smaller dimensions (1 μm), but from equation (1) it was apparent that in the presence of a magnetic field, the larger volume would allow for greater particle deflection and thus reflect any changes to the energy deposition spectrum at lower magnetic field strengths. Since the aim of this work was to establish a limiting field strength at which we can reasonably expect a change in the RBE, the 10 μm dimension seemed appropriate for this task. A substantially larger volume would have represented a target outside the volume of the microdosimetric regime (ICRU 1984) . For each magnetic field strength, two orientations were used-one with the magnetic field perpendicular to the electron's incident velocity (B ⊥ ) and one with parallel (B ). Magnetic field strengths ranged from 0 to 1000 T.
To conduct the simulations, we used the MC code PENELOPE , Sempau et al 1997 and its user-code penEasy (Sempau 2006 ) modified somewhat from their published forms to incorporate the influence of external magnetic fields on charged particle transport. Photon transport is handled in the conventional MC manner. Charged particle transport is performed by means of a mixed procedure in which 'hard' interactions (defined by scattering angle θ and energy loss W being greater than pre-defined cut-off values) are simulated in detail and 'soft' interactions are subject to multiple scattering approaches. In general, the crosssection models and numerical databases that describe the different interaction mechanisms are applicable from a few hundred eV to 1 GeV. This code has been extensively tested in the literature without the presence of magnetic fields (Baro et al 1995 , Sempau et al 1997 . Specifically, Mainardi et al (2004) have shown that PENELOPE is able to accurately reproduce the lineal energy calculations of the event-by-event MC track structure code PITS (positive ion track structure simulation) (Wilson and Nikjoo 1999) for a 25 keV electron microbeam. Additionally, Stewart et al (2002) investigated PENELOPE's ability to predict site-hit probabilities and mean specific energy per event with event-by-event codes and demonstrated agreements between 1 and 10% (although some results differed by as much as 65%) depending on the source and scoring volume geometry, site size and electron energy. For the purpose of establishing an approximate magnetic field limit at which the RBE of MV radiation can be expected to change, PENELOPE should provide the necessary accuracy.
The tracking algorithm for the transport of charged particles in the presence of static electromagnetic fields is given in appendix C of the PENELOPE manual . This algorithm is implemented in the penfield.f subroutine and was used in this work with the appropriate magnetic field parameters which defined field magnitude and direction. Essentially, between discretely simulated interactions, the code accounts for the influence of the Lorentz force and alters the position and velocity of the charged particle accordingly. It is assumed that the effect of the magnetic field can be accounted for independently of the transport step that would take place without the presence of a magnetic field. Consequences to a particle's stopping power due to synchrotron radiation, which have been demonstrated to be insignificant for most medical physics applications (Bielajew 1993) , are ignored.
The user-code penEasy (Sempau 2006) allows the user to write a steering file that defines the source and tally parameters for the PENELOPE simulation; the transport of photons and charged particles remains the same. Inside the sphere, we tallied the energy deposition spectra f (ε) (where ε is the energy imparted to the matter in the detection volume and f (ε) dε gives the probability of depositing energy between ε and ε + dε) within 200 eV wide energy channels, for a given input energy, or spectrum of energies. These were then converted to lineal energy spectra using the definition (ICRU 1984) 
wherel is the mean chord length through the sphere (∼6.67 μm).
The parameters used to perform the simulations were taken from Mainardi et al (2004) : W cc = 100 eV and W cr = 100 eV representing the cut-off thresholds for the hard inelastic collisions and radiative events, respectively; C 1 = 0.2 defining the fraction by which the mean free path for hard elastic events can be defined by the first transport mean free path at high energies, and C 2 = 0.2 defining the maximum average fractional energy loss between consecutive hard elastic collisions. The absorption energy for all particles was set to 100 eV. Finally, the maximum step length, d smax , was restricted to 0.1 μm, which ensured that a sufficient number of hard collisions occurred within the scoring volume. For each run, a minimum of 10 6 histories were run. With regard to performance in the presence of a magnetic field, Chen et al (2005) have demonstrated that PENELOPE, when configured with the penfield.f subroutine, reliably reproduces dose distributions to a plastic phantom in the presence of a non-uniform magnetic field with a peak strength of 3 T. Further, work at our institution has cross-validated PENELOPE dose calculations with EGSnrc with magnetic field macros invoked at 0.2 T and 1.5 T (Kirkby et al 2008) . The work presented here considers significantly stronger magnetic field strengths, but the fields are taken to be uniform in space and time and thus exact tracking of deflections due to the magnetic field over each step is applied.
For the simulations, the electrons were incident always normal to the water sphere (see figure 2) . The material outside of the spherical volume was defined as vacuum. Once particles exited to the vacuum, they were no longer tracked. With the geometry defined in this manner, electrons exiting the sphere do not have the opportunity to circle back through the vacuum and contribute additional energy to the sphere, nor do they have the opportunity to scatter back into the scoring volume.
We first considered monoenergetic electron sources to gain an understanding of the behaviour of lower energy electrons as they traverse the water sphere. Initial simulations were conducted with a very strong magnetic field of 100 T. Further simulations were carried out with a varying magnetic field strength using an incident kinetic energy of 25 keV as this corresponds to an electron with enough energy to completely traverse the sphere, yet a low enough energy to experience significant deflection due to the magnetic field (see figure 1) .
Finally, we turned our attention to the environment experienced by a cell in water at a depth below the depth of maximum dose in response to irradiation by a 6 MV photon beam (i.e. a cell in an irradiated patient). To examine this, we needed to conduct a separate set of simulations as the full spectrum of electron energies to which the cell would be exposed was needed, and it was necessary to investigate whether the distribution of electron energies itself would change as a result of the introduction of a magnetic field. Thus, we considered the irradiation of a water tank.
Bielajew's proof that the central axis depth dose is independent of magnetic field strength for broad parallel beams in longitudinal magnetic fields explicitly shows that the electron fluence is also independent of magnetic field strength in such situations (Bielajew 1993) . The proof does not necessarily hold however for transverse magnetic fields, as the path length between two planes parallel to the magnetic field and perpendicular to the initial electron velocity can be increased as a result of the electron's helical trajectory, and thus dependent on the magnetic field strength. However, given that the electron's mean free path in water is much less than the gyration radius, even for very strong magnetic field strengths, we do not expect the electron fluence at depth (once charged particle equilibrium has been established) to be significantly different from the zero field case. This was confirmed with the following simulations. A water cylinder (radius 15 cm, height 15 cm) was modelled as being irradiated using a 6 MV central-axis photon spectrum determined by Sheikh-Bagheri and Rogers (2002) for a Varian linear accelerator. The source was defined as a 10 × 10 cm 2 field and the aperture divergence was defined so as to correspond to a point source 100 cm from the cylinder's surface (i.e. 2.86
• ). The electron fluence differential in energy was scored inside a smaller cylindrical volume of water (radius 4 cm, height 2 cm, extending from a depth of 1.5-3.5 cm). The energy fluence was scored in logarithmically increasing bins from 1 keV to 6 MeV. To speed up the simulations, the transport cut-off energies were set to 1 keV inside the detection volume and 10 keV outside, and a maximum step-length (d smax ) of 10 cm was allowed. Since electrons were not scored below 1 keV, the higher transport cut-offs should not make any significant difference to the simulation outcomes. Otherwise the simulation parameters were taken as above. The magnetic field was aligned perpendicular to the incident photon beam and a range of field strengths from 0 through 1000 T was tested. The results of these simulations were then used to generate the electron input spectra for the response to a 6 MV photon beam. Using these spectra, the monoenergetic simulations were repeated.
Once a spectrum of lineal energies, f (y), was generated for each of the cases considered, we calculated the frequency-averaged (track-averaged) lineal energy, y f ,
and dose-averaged lineal energy, y d ,
Results

Monoenergetic beams
In the scenario under investigation, the electrons enter the water sphere and proceed to interact, producing delta rays that are directly simulated down to a cut-off energy of 100 eV. The magnetic field produces a Lorentz force that acts on the initial electrons and their delta rays.
In the parallel orientation, the electrons experience magnetic deflection only when they have a component of momentum perpendicular to the initial velocity, which effectively acts to reduce the angular spreading and can result in a longer portion of the delta ray track length being confined to the sphere. Conversely, for the perpendicular orientation, the initial momentum of the electron makes it immediately subject to deflection, which may alter its track length through the sphere, depending on the gyration radius and sphere dimensions. We note that an initial test case using a 25 keV electron source incident on a 1.0 μm sphere resulted in a value of y f = 1.58 ± 0.01 keV μm −1 , which is consistent within 5% of the value reported by Wilson and Nikjoo (1999) using the PITS electron track code. The simulation conditions were not exactly identical, however, in that all material outside the sphere in the simulations presented here were vacuum.
In figure 3 , we plot the lineal energy spectra [y versus f (y)] for initial kinetic energies of 10, 25, 100 keV and 1 MeV electrons in the presence of very strong (100 T) magnetic fields looking at the difference between the parallel (B ) and perpendicular (B ⊥ ) orientations. In the 10 and 25 keV cases, there is a significant probability of the initial electron stopping in the sphere (p abs ). Naturally, this probability increases with decreasing kinetic energy. As a result, there are large values in the bins containing the initial electron energy. For purposes of presentation, these bins have been omitted from the graphs in figure 3 but are tabulated in table 1. In general, these results demonstrate that very high magnetic fields have the ability to influence the energy deposition in a sub-cellular volume for low energy electrons. In the 1 MeV case, figure 3(a) , there is very little difference in the spectra. At this energy, the gyration radius is notably larger than the volume of the sphere. In the 100 keV case, figure 3(b) , the gyration radius is roughly equivalent to the cell diameter and changes are evident in the spectra. For both the perpendicular and parallel orientations, the spectrum narrows compared to the zero magnetic field case. At 25 keV, figure 3(c), there is a distinct shift in the spectra-towards higher lineal energies for the parallel orientation and towards lower lineal energies, along with a notable drop in the probability of complete absorption for the perpendicular orientation. It should be noted that at 25 keV, the electron's range is roughly equivalent to the sphere diameter. At 10 keV, figure 3(d) , the vast majority of incident electrons deposit their full energy in the sphere, but the influence of the magnetic field is still apparent in the perpendicular orientation where the fraction of electrons escaping the sphere increases. The limited range of the electrons at even lower energies reduces any dependence on a strong magnetic field as they generally are fully absorbed before their trajectory is strongly deflected. In general, these simulations suggest that the potential exists for a very strong magnetic field to influence the lineal energy spectrum of a given radiation field. To quantify the magnitude of the effect as a function of the field strength, we turn our attention to the 25 keV case. In figures 4 and 5, we plot the lineal energy spectra for a range of magnetic field strengths from 0 to 1000 T in parallel and perpendicular magnetic field orientations, respectively, for electrons with incident kinetic energies of 25 keV. Again, in both figures, the zero field case is shown as a thick solid grey line. It is immediately apparent that strong magnetic fields result in changes to the characteristics of energy deposition within the sphere at this incident energy. In the perpendicular orientation (figure 4), the general trend is for the distribution to shift towards lower lineal energies as the magnetic field increases. As well, the probability of the electron being completely absorbed by the sphere decreases (figure 4, inset). When the simulation was performed for a field strength of 10 T, no significant changes to the spectrum were observed. When the simulation was run at 50 T, the changes, however, became apparent. y d , for example, was 3.2% below the zero field case. In figure 5 , we present the results for the parallel orientation. Here, as the magnetic field strength increases, the spectrum shifts towards higher lineal energies and the probability of the electron stopping increases. Again there was no difference between the zero field and 10 T simulations, but distinct differences were present at 50 T where y d increased by 1.6%.
Response to 6 MV beams
We tallied the electron energy fluence spectra in response to a 6 MV, 10 × 10 cm 2 field incident on a water phantom averaged from a depth of 1.5-3.5 cm as a function of the magnetic field strength. These results are presented in figure 6 . The magnetic field strength was varied over a considerable range of magnitudes and only very minor differences in the spectrum resulted. There was a small decrease in fluence at energies between approximately 10 and 300 keV (up to ∼5% for the highest field strengths) and a small increase between 300 keV and 2 MeV Figure 5 . The lineal energy spectra for 25 keV electrons as a function of the magnetic field strength in the parallel orientation. Here, as the field strength is increased, there is a net shift of the distribution towards higher lineal energies. Inset is the probability of the electron being absorbed by the sphere as a function of the field strength. Figure 6 . The electron fluence differential in energy, integrated over the scoring volume and normalized to the total energy deposited (resulting in units of cm eV −2 per incident particle) plotted for increasing strengths of the magnetic field. Only very minor differences are observed as the field strength was increased.
(again up to ∼5%). Below 10 keV, the curves converge with the zero magnetic field result. This is likely the result of the strong magnetic fields confining the higher energy electrons to the scoring volume. Since it is known that a substantial deviation in electron fluence is required to produce a shift in biological effectiveness [consider the shift from a MV fluence Figure 7 . The lineal energy spectra [log(y) versus y f (y)] for the 6 MV simulations. Again, the zero magnetic field case is shown as a thick grey line. Little difference in the lineal energy spectra is observable for field strengths from 0 up to 100 T in either the parallel or perpendicular field orientations. Above 100 T, the perpendicular orientation shows a shift towards lower lineal energies-shown for 200 and 500 T. In the parallel orientation, changes in the spectra are difficult to detect for even the highest spectra.
spectrum to an orthovoltage one results in a shift of beam quality by a factor of 1.18 (ICRU 1986) ], these minor differences themselves seem unlikely to substantially affect the biological effectiveness of the radiation. Nonetheless, these data were used to derive the electron energy spectra input for each lineal energy simulation subsequently performed for the perpendicular magnetic field alignment.
In figure 7 , we plot the lineal energy spectra [here in the more conventional manner of log y versus y f (y)] for the 6 MV spectra for a range of magnetic field strengths from 0 to 500 T in parallel and perpendicular orientations. Again, the zero field case is shown as a thick solid grey line. No significant changes in the spectra were seen for magnetic field strengths up to 100 T in either orientation of the magnetic field. In the perpendicular orientation, the very high magnetic field strengths (>100 T) resulted in a shift favouring the lower energy events. In the parallel orientation, even at such strengths, the changes in the spectrum appeared minimal-manifesting as a slight increase in the higher lineal energy bins (only evident on a log-log scale).
The frequency-averaged lineal energy, y f , and dose-averaged lineal energy, y d , were calculated for each distribution and are listed in table 2. If we make the assumption that beam quality is roughly a linear function of y d (ICRU 1984 , Kellerer 1972 , we can plot relative beam quality against the magnetic field strength for both the parallel and perpendicular orientations. This is shown in figure 8 . It is apparent that there will not be any noticeable difference in beam quality induced by the presence of a magnetic field until the magnetic field strength reaches approximately 70 T. The simulations suggest that a ±2% change in beam quality would arise at approximately 70 T in the perpendicular orientation and approximately 200 T in the parallel orientation-as defined by the edges of the grey region on the figure.
Discussion
In general, the simulations support the notion that energy deposition in a 10 μm spherical volume is governed by the interplay between the magnetic field strength and the range of the electrons involved. Indeed, while it is true that the magnetic field will more strongly influence Figure 8 . A plot of beam quality derived from the dose-mean lineal energy, expressed as a fraction of the quality seen for the zero magnetic field case. Highlighted in grey is a ±2% zone of acceptance. Only at 70 T do we expect changes in beam quality. Table 2 . The track-averaged lineal energy, y f , and dose-averaged lineal energy, y d , calculated for a 10 μm sphere exposed to 6 MV electron spectra for increasing magnetic field strengths. the trajectory of lower energy electrons, the limited range of these electrons mitigates much of this influence, resulting in only a very weak effect. When the magnetic field is strong enough, different effects manifest that affect the energy deposition spectrum depending on the orientation of the magnetic field with respect to the incident electron velocity. In a parallel alignment, any scatter of the electron or its delta rays off of the incident path will result in some degree of magnetic deflection, which then increases the total track length within the volume and leads to a positive shift of the energy deposition spectrum. In a perpendicular alignment, the potential exists for the total track length to be reduced as the magnetic field directly influences the primary trajectory and can cause the electrons to prematurely exit the scoring volume. This then corresponds to a negative shift of the energy deposition spectrum.
In order to extrapolate the results of the simulations in this study to a real life scenario, several points must be addressed. First of all, the problem considered here places a pencil beam normally incident on a spherical surface and applies an estimate of the spectrum of electron energies that volume would then be exposed to. Inside a patient, the volume would be exposed to a spatially distributed array of incident trajectories and orientations with respect to the sphere surface and the magnetic field direction. The distribution of this orientation would depend on the specific geometry under which the patient is irradiated. Thus, to an extent, the effects seen at each orientation will compete and tend to cancel each other out-reducing the beam quality dependence on the magnetic field strength even further.
Additionally, it should be noted that the results have a dependence on the target size. We chose a sphere diameter of 10 μm to represent a larger target over which the magnetic field effects would be most enhanced. Simulations using the 6 MV spectrum at 100 T ⊥ and 0 T for a smaller (1 μm) sphere indicate that the change in y d introduced by the magnet is reduced from 7.6% to 0.3%.
Also, in this work we have assumed a homogeneous water medium, and under these conditions we have shown that the electron fluence spectrum (averaged through a depth of 2 cm beyond the depth of maximum dose without a magnetic field) does not significantly change. It is important to note that low density inhomogeneities (e.g. lung tissue, air cavities, etc) or exit surfaces have been shown to lead to regions of dose enhancement in the presence of a conventional magnetic field due to electrons returning to the more dense tissues (Kirkby et al 2008 , Raaijmakers et al 2005 , 2007a , 2007b . As the electrons return, they will be distributed spatially according to their exit energy (higher energy electrons having a larger gyration radius), which has the potential to modify the electron energy spectrum seen in the enhanced dose regions.
We present the PENELOPE results herein as MC estimates of the parameters calculated (i.e. y d ). It is important to reiterate that Stewart et al (2002) have demonstrated that the combination of low electron energies and small target sizes such as those presented in our model can lead to significant overestimates of the mean specific energy-which they attribute to the approximations used in the elastic and inelastic scattering differential cross-sections used by PENELOPE. Indeed, our zero field values for y d appear to be high compared to experimental estimates for 60 Co gamma rays (ICRU 1984) and those calculated by Liu and Verhaegen for a 6 MV photon beam at various depths (Liu and Verhaegen 2002) . However, our test case using a 25 keV electron source incident on a 1.0 μm sphere resulted in a y f value within 5% of the value reported by Wilson et al (2001) using the PITS code, which demonstrates a reasonable level of confidence in the PENELOPE results. Changes to the simulations we performed as a result of improved descriptions of elastic and inelastic scattering would have the potential to change somewhat the dependence of our results on magnetic field strength. However, even if the magnitude of the shifts in y d due to the magnetic field were to double, we would still only expect to see a 2% change in beam quality at approximately 50 T (perpendicular orientation), thus the fundamental conclusions of this work would be unlikely to change.
Conclusion
The simulations presented here have rigorously tested the notion that a strong, static, uniform magnetic field can influence the biological effectiveness of MV radiation by altering the mechanics of energy deposition within a sub-cellular volume. While the presence of a magnetic field can significantly alter the trajectory of a charged particle, especially those with lower energy, the range of these particles in water essentially precludes conventional magnetic fields from introducing any significant changes to the energy deposition spectrum. The simulations have established that in an orientation with the magnetic field perpendicular to the incident beam direction, only very minor changes in the electron fluence spectrum are expected for very strong fields. Further, the energy deposition spectra for 10 μm water spheres only show a change in dose-averaged lineal energy of 2% at 70 T for a perpendicular orientation, suggesting that this field strength is a likely lower limit at which the potential for changes in beam quality may occur.
